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ABSTRACT

Peterman, David Joseph. M.S., Department of Earth and Environmental Sciences, Wright
State University, 2016. Seismic Reflection Profiling Near Middletown, Ohio and
Interpretation of Precambrian Deformational Settings

The reprocessing of four vibroseis seismic reflection lines at the AK Steel facility
in Middletown, Ohio, provides new insight on the age, deposition, and structural
deformation of the pre-Mount Simon sedimentary sequence below Butler and Warren
Counties. Processing was focused on the pre-Mt. Simon reflections to reveal gently westsouthwest dipping reflectors that make a slight angular unconformity with the overlying
Paleozoic sedimentary strata. This pre-Mount Simon sedimentary sequence has been
encountered in several wells from western Ohio, Indiana, and northern Kentucky and has
been identified as the Middle Run Formation.
Examination of the weak and discontinuous seismic character of the reflections
from the Middle Run Formation on these AK Steel lines suggests that the Middle Run
Basin here is apparently deep and sits above strong, continuous reflectors that are parallel
to the overlying reflections from within the Middle Run. However, the gentle dip of the
Middle Run exhibited at the AK Steel location contrasts greatly with the Middle Run
Formation and deeper rocks to the east, as observed in the Warren County Line ODNR-188. There the Middle Run Formation exhibits a moderate apparent east-dip below an
angular unconformity with the overlying Mt. Simon Sandstone, and the Middle Run
Formation has been erosionally removed at the western end of the Warren County
seismic line. The structures exhibited by these seismic lines suggest the likely presence
of a fault between the AK Steel lines and the ODNR-1-88 line, with the thicker Middle
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Run sequence and gently dipping reflections on the AK Steel lines being best explained
by preservation in a downthrown block, followed by subsequent erosion. The structural
pattern of these lines suggest this fault is a Grenville reverse fault.
The age and setting of the Middle Run Formation has been a subject of
controversy. However, recent workers have provided new evidence that suggests that the
Middle Run Formation from the core DGS 2627 in northeast Warren County is
Neoproterozoic in age, deposited after peak deformation from the events of the Ottawan
phase of the Grenville orogeny. Because of the sedimentologic similarities of the Middle
Run to Grenvillian red lithic arenites elsewhere, the likely age of the Middle Run, the
structures seen on the seismic lines, and proximity to the Grenville Front to the east, the
Middle Run Formation in southwest Ohio appears to have been deposited in a Grenville
foreland basin setting and subsequently deformed by the Grenville Front compressional
event.
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1.0 INTRODUCTION
1.1 Purpose of Study
In 1991, four seismic reflection lines were gathered in the vicinity of the AK Steel
plant (formerly ARMCO Steel) near Middletown, Ohio. Their location is shown on
Figure 1. These lines were gathered as a condition for the permits to operate two Class I
injection wells issued by the Ohio Environmental Protection Agency (OEPA). The
purpose of the initial survey was to examine the structural features near the target interval
– the Mount Simon Sandstone. Processing and Interpretation of deeper structural features
and their regional extent was not within the scope of the original study.
The purpose of this study is to reprocess the AK Steel seismic lines with an
emphasis placed on the reflections below the Phanerozoic sedimentary cover. This will
allow an interpretation of the structure between these lines and the ONDR-1-88 seismic
reflection line to the east. Other goals of this study are to give a possible explanation for
sedimentary provenance, timing of deformational events, and age of deposition of the
Middle Run Formation encountered at the study area.
1.2 Discovery of the Middle Run Formation
In 1988, the Ohio Department of Natural Resources, Division of Geological
Survey drilled a continuously cored well (DGS 2627) in Warren County, Ohio. A
stratigraphic section of the core is shown on Figure 2. The core penetrated the expected
Paleozoic sedimentary sequence but at 3,470 feet (1,058 meters) a previously
unrecognized sedimentary unit was discovered. Instead of the anticipated crystalline
1

rocks of the Granite-Rhyolite Province, a red lithic arenite was encountered (Shrake et
al., 1990). This unit serves as the type section for the Middle Run Formation (Shrake,
1991).

Figure 1: Location of seismic lines and wells. Arrows indicate the increasing shot directions.
County map modified from Baranoski (2002)
2

Figure 2: Stratigraphic Section of DGS 2627 (Shrake, 1991)
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The seismic line ODNR-1-88 (Figure 3) was collected in addition to the drilling
of DGS 2627. This line depicts a strongly east-dipping layered sequence that makes an
angular unconformity with the overlying Mount Simon Sandstone. This behavior of the
Middle Run strata ruled out the former interpretation that the Middle Run Formation
could have been a previously undefined facies of the Mount Simon Sandstone (Shrake et
al., 1990; Shrake, 1991).

Figure 3: Interpreted seismic line ODNR-1-88 showing the top and base of the Middle
Run Formation, as well as the DGS 2627 core hole (Shrake, 1991).
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2.0 GEOLOGY OF SOUTHWESTERN OHIO
2.1.0 Stratigraphy
Included in this section is a list of the geologic formations encountered below the
glacial drift during the drilling of the well AK Steel #1 in 1967 (API: 3401720004). The
location of this well is shown on Figure 1.
2.1.1 Ordovician
CINCINNATI GROUP
The Kope Formation is the lowermost unit in the Cincinnatian Series (Upper
Ordovician). This unit was encountered from 96 feet to 429 feet and was described as the
occurrence of shale and limestone with fresh water in the well completion card. This unit
consists of interbedded terrigenous mudstone, calcisiltite skeletal packstone, and
grainstone, with a high shale to limestone ratio of 80 percent (Meyer et al., 2002).
UTICA SHALE
The shale unit between the Cincinnatian Series and Point Pleasant Formation (429
to 508 feet) in southwestern Ohio is correlative to the Utica Shale. This organic-rich unit
is well known for its hydrocarbon potential from eastern Ohio to New York. The Utica
Shale in southwestern Ohio is relatively immature and thins as it approaches the margin
of the basin (Repetski et al., 2008).

5

POINT PLEASANT AND LEXINGTON LIMESTONE FORMATIONS
The Middle Ordovician Point Pleasant Formation was encountered from 508 to
526 feet. The Lexington Limestone was encountered from 526 feet to 666 feet. The well
completion card referred to both of these units as the Cynthiana Limestone and the
Trenton Limestone. Black et al. (1965) noted that the name Cynthiana has been
abandoned and it now refers to part of the Lexington Limestone. The Lexington can also
be divided into several distinct members in southwestern Ohio, including: The Lexington
Limestone Undifferentiated (526 feet), The Logana Member (604 feet), and the
Curdsville Limestone Member (638 feet). The name Trenton Limestone is formerly
recognized in northwestern and northeastern Ohio by the Ohio Geological Survey.
However, it is common for drillers to refer to the equivalent units in southwestern Ohio
by this term.
BLACK RIVER GROUP
At 666 feet a lithographic (microcrystalline) limestone was drilled. This marks the
top of the Black River Group. The lower part of the black river was grouped and termed
Chazy by Freeman (1949). This name is no longer in use. The Upper Chazy is now
known as the Lower Black River, and the Middle Chazy is commonly referred to by the
informal name “Gull River” (1,027 to 1,086 feet), which is the lowest section of the
Black River Group.
WELLS CREEK FORMATION
The Wells Creek Formation (1,086 to 1,152 feet) is a gray limestone and dolomite
with minor amounts of shale. This was once grouped together with Chazy as the lower
6

unit. This unit contains shale and argillaceous carbonates which contrast the clean
limestone and dolostone of the overlying Black River Group. This change in lithology is
denoted by a sharp contact.
KNOX UNCONFORMITY SANDSTONE
A twenty foot thick sand layer is present from 1,152 to 1,172 feet. This unit
directly overlies the Knox Dolomite and its contact represents a distinct unconformity.
This erosional event resulted in the removal of the Early Ordovician rocks of this area. It
is informally called the “St. Peter Sand” by operators because of its resemblance with the
sand formations above the Knox Unconformity to the west. Carpenter (1965) recognizes
the dissimilarities with this sand unit overlying the Knox Dolomite Group and suggests
that this sediment was derived from localized sources.
2.1.2 Cambrian
KNOX DOLOMITE
At 1,172 feet, the driller encountered a distinct Dolostone unit that was labeled
Chepultecpec Dolomite. This is now recognized as the Knox Dolomite Group and is
largely Upper Cambrian in age. Janssens (1973) divided the Knox Dolomite into several
informal units, including the Beekmantown Dolomite (1,172 feet), Rose Run Sandstone
(1,350 feet), and the Copper Ridge Dolomite (1,371 feet). Riley and others (1993)
recognizes these divisions as formal units because they are able to be correlated over a
large extent.
CONASAUGA FORMATION
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The Conasauga Formation was drilled from 2,386 to 2,421 feet. This Cambrian
unit can be described as grey shale with interbedded glauconitic siltstones that thins in
southeast Ohio (Calvert, 1962). This formation has a continuous, low velocity seismic
signature and its usefulness for seismic processing will be later described in section
3.2.11.
EAU CLAIRE FORMATION
The Cambrian Eau Claire formation was encountered at 2,421 feet to 2,977 feet.
This formation is fossiliferous and is comprised of sandstone, siltstone, shale, and
dolomite (Hansen, 1998). The nearby well DGS 2627 was examined and several fossils
were found that put new constraints on the age of the Cambrian formations in
southwestern Ohio. Babcock (1994) sampled several fossils in this core that suggest the
Eau Claire Formation is Dresbachian (Late Middle Cambrian to Early Late Cambrian) in
age.
The Conasauga and Rome formations of Eastern Ohio grade into the Eau Claire
Formation to the west. However, the Conasauga will be recognized as its own unit in the
study area due to its large difference in lithology, being composed of mostly shale with
very low density and velocity compared to the adjacent formations. This contrast in
physical properties between the Eau Claire Formation the overlying Conasauga
Formation allow this formation to be very useful in implementing residual statics (section
3.2.11).
MOUNT SIMON SANDSTONE
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The Mount Simon Sandstone shares a conformable boundary with the overlying
Eau Claire Formation. In this well, the Mount Simon Sandstone is reached at 2,977 feet
and extends to 3,236 feet. This formation generally thins eastward, as the underlying
Precambrian unconformity surface controls the thickness of this unit (Janssens, 1973).
The relief of the Precambrian unconformity surface is about 200 feet in Northern Butler
and Warren Counties and its depth decreases to the east approaching the Grenville Front
(Baranoski, 2002). By association of the fossils found in the overlying Eau Claire
Formation, Babcock (1994) suggests that the Mount Simon Sandstone may be Early
Dresbachian or perhaps even older in age.
The Mount Simon Sandstone is characterized by primarily quartzose sandstone
with minor amounts of shale and dolomite. In most places the unit is a quartz arenite but
it is known to become arkosic at the base with significant amounts of glauconite,
orthoclase feldspar and detrital mica (Medina et al., 2010). This can be observed in the
study area. The completion card from this well notes basal arkose before reaching the
underlying Precambrian unit.
2.1.3 The Middle Run Formation
At the well AK Steel #1, a red lithic arenite was encountered beneath an apparent
angular unconformity at 3,236 feet just before bottoming out at 3,296 feet. The
completion card remarked that this could be rhyolite porphyry, but it has later been
recognized as correlative to the Middle Run Formation described in its type section core
DGS 2627 located approximately 14 miles to the northwest.
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Shrake (1991) described the Middle Run Formation from the core DGS 2627 as a
grayish-red lithic arenite with primarily fine to medium grained, subangular to
subrounded grains that are siliceously and hematitically cemented. The sediments are
tightly compacted with an average porosity of less than two percent. Sedimentary
features are present and include horizontal laminations, ripple laminations, and crossbedding, and episodes of deposition in massive intervals.
By observing the seismic characteristics of the Middle Run Formation (Figure 3)
it is apparent that this sedimentary unit is relatively homogenous. That is, the acoustical
impedance does not change very much. These properties result in discontinuous reflectors
that are relatively weak. This characteristic can be observed throughout a large portion of
the seismic data, inferring that the Middle Run Formation may be very deep. A
comparison of Middle Run Formation thickness between the AK Steel seismic lines and
the ODNR-1-88 line will later be supplied in the discussion (section 4.0).
The age and sedimentary provenance of the Middle Run Formation will be
described in sections 4.2 and 4.3, respectively.
2.1.4 Precambrian Complex
EASTERN GRANITE-RHYOLITE PROVINCE
The Eastern Granite-Rhyolite Province is thought to underlay the Middle Run
Formation in the study area. This may correspond to the high amplitude, continuous
reflections that have been labeled “base” on Figure 3. The Granite-Rhyolite Province is
primarily composed of generally unmetamorphosed rhyolitic and trachytic volcanic rocks
as well as epizonal granitic rocks that formed from A-type (anorogenic) plutons (Denison
10

et al., 1984). Lithologic descriptions of the Granite-Rhyolite Province rocks are based on
few wells in Ohio and its nearest exposure in the St. Francois Mountains, Missouri. The
rhyolites (and dacites) of this area exhibit eutaxitic textures, fiamme, and can be
identified as ash flow tuffs due to their abundant quartz and alkali feldspar phenocrysts.
The granites of this exposure primarily display granophyric textures that indicate an
epizonal emplacement during formation, while some others have rapakivi textures. The
presence of localized mafic bodies and diabasic dikes are noted but rare. The formation
of the felsic rocks of the Eastern Granite-Rhyolite Province is dated to be about 1,5001,440 Ma and may be intruded locally by younger plutonic rocks. (Bickford et al., 2015)
GRENVILLE PROVINCE
The Grenville Province is located to the east of the study site and is denoted by a
change of structure and lithology in the subsurface between the relatively undeformed
felsic rocks of the Eastern Granite-Rhyolite Province to metamorphosed and deformed
Grenville aged rocks. The Grenville Front (Figure 4) is a structural boundary that marks
the western limit of Grenville aged tectonics and divides these two zones. This boundary
of highly deformed rocks may delimit a suture zone that was formed during the Grenville
orogeny event. The rocks of the Grenville Province are primarily composed of marble,
hornfels, amphibolites, granite gneiss, and pegmatites (Calvert, 1962).
The Grenville orogeny was a diachronous event due to its large extent and took
place over several cycles. The timing of these cycles and their relationship to the
Grenvillian orogenic phases is a subject of much controversy. Rivers (2008) suggests that
prior to the Grenville orogeny, the mid to late Mesoproterozoic Elzevirian and
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Shawinigan orogenies took place and are attributed to the accretion of terranes in the
southwestern Grenville Province. The Grenvillian orogeny is dated to be late
Mesoproterozoic to early Neoproterozoic in age and is thought to be a collisional event
between Laurentia and another continent (probably Amazonia). The Ottawan orogenic
phase (1,090-1,020 Ma) is the earlier of two phases of the Grenville orogeny and took
place in the vicinity of the orogenic core. The younger Rigolet orogenic phase (1,000-980
Ma) took place in the northwestern margin. These two regions of metamorphism are
separated by the Allochthon Boundary Thrust, a crustal-scale feature (Rivers, 2008). The
Grenville Front Tectonic Zone represents a final compressional event. There is evidence
from isotopic dating that suggests this event postdates the Ottawan orogeny and occurred
from approximately 995 Ma to 980 Ma (Krogh, 1994).

12

Figure 4: The western limit of the Grenville Front as interpreted from deep wells that
penetrate the Precambrian surface of Ohio (Lucius and Von Frese, 1988).
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3.0 METHODS
3.1 Data Acquisition
The data were acquired in the vicinity of the AK Steel plant (formerly ARMCO
Steel Corp) between October and December, 1991 (see Figure 1). Great Lakes
Geophysical, Inc. acquired the seismic reflection data with initial interpretations were
made by Envirocorp.
Vibratory sources were used in a roll-on configuration to produce 120 channel
split-spread shot gathers resulting in a maximum 60 fold of coverage. The receiver station
interval and source interval were both 82.5 feet. Arrays of 24 geophones over 165 feet
were deployed to help destroy noise resulting from ground roll. Field filters were used to
cut out extreme frequencies that may not have been produced by the source. A low cut
filter at 18 Hz to 27 Hz with a 36 dB per octave slope, and a high cut filter at 100 Hz to
128 Hz with an 18 dB per octave slope were used. The sampling interval of the data is 2
milliseconds and the record length is three seconds for all lines.
Three vibrators were used with a 10 second sweep from 18 to 100 Hz. Ten sweeps
were performed at each source point. Some source and receiver patterns may have
changed depending on the field conditions.
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The seismic data for Line A was acquired along Breiel Blvd. and CincinnatiDayton Rd. Line B was gathered on the edge of Greentree Rd. and slightly off of Oxford
State Rd. Shot gathers acquired near the steel plant have some forms of noise that may
indicate a possible external source. This was likely produced by operation of the steel
plant. Line C was remarkably noisy because it was gathered along northbound I-75. Line
D was gathered on Roosevelt Blvd. and a portion on OH-122. Some skips are apparent on
busy intersections, railroad intersections, and near small creeks and bridges. Several
comments were made about the ambient noise during the time of data acquisition, mostly
referring to traffic activity.
3.2.0 Seismic Processing
Steps taken during the reprocessing of the four AK Steel lines are as follows. A
flowchart (Figure 5) shows a list of the processing steps that were used for each of these
lines. The .SGY data were made available by ODNR for use at Wright State University.
Processing of this data was conducted with ProMAX® version 7.

15

Figure 5: Flow chart of processing steps used for all four of the AK Steel lines. Note that
three iterations of velocity analysis and residual statics were performed.
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3.2.1 Geometry
After loading the .SGY data in to ProMAX®, the field geometry information was
loaded into the trace headers. This consists of completing a spreadsheet with the
acquisition parameters including: the coordinates, spacing, and numbering for the sources
and receivers; and any other parameters of the experiment design. Many processors rely
on the geometry information in the trace headers to perform their tasks, and it is
important that these spreadsheets are filled out correctly.
Once the geometry has been loaded, the data must be examined to exert quality
control. It was found that an identification error was present in the shot gathers. In line D,
FFID 247 was listed as FFID 257, causing two different shot files with the same number.
The shot files also contained skips that made sequential renumbering difficult. This was
rectified by sorting out the last group of shot files, then using trace header math to
appropriately renumber the shot files in sequence. Afterwards the shot files were reappended in increasing order. Several other errors were found in the geometry
spreadsheets including repeated source numbers and FFIDs.
3.2.2 Trace Editing
Faulty geophones or cables that make a poor connection to the recording device
can result in traces that do not carry any useful information. To make sure these noisy
traces do not end up in the final image, they must be killed. This process saves the picked
traces in a table, taking note of the bad receiver channel numbers within each shot file.
The picks are then applied by the trace kill/reverse processor to input zeroes for the entire
length of the trace. Figure 6 shows an example of a group of three noisy traces that have
been selected to be killed.

17

Figure 6: A shot gather from Line D (FFID 55) showing a group of three noisy traces that have been
selected to be killed. This is likely the result of a bad cable connection.

3.2.3 Top Mute
Trace muting consists of removing noisy portions of a trace. As the name implies,
top muting will enter zeros for the length of the trace above a selected time. This allows
for the removal of refractions. These linear events are coherent sources of noise that,
when let through, will result in a poor stack. A topmute was constructed (Figure 7) to
remove most of the refracted arrival train and eliminate ambient noises above the picks.
18

Figure 7: FFID 60 from Line A displaying refracted arrival trains. Mute picks are shown in red.
The length of the trace above this line will be eliminated.

3.2.4 Automatic Gain Control
Automatic Gain Control (AGC) is a type of amplitude correction that scales traces
to help recover from the effects of attenuation of the source signal. Deeper reflections
will undergo more intrinsic attenuation and require an amplitude increase. AGC window
operator lengths are specified to perform a scale factor in each time window throughout
the section. A rather large operator length of 600 ms was used in the four AK Steel lines.
This window was chosen because it places more emphasis on higher amplitude events
within the window. Smaller amplitude events from low contrasts in acoustical impedance
19

or multiples will not be scaled as much using this window length. Figures 8 and 9 show a
shot gather before and after AGC, respectively.

Figure 8: Raw shot record (Line A, FFID 90) before application of
Automatic Gain Control (AGC)

Figure 9: Same shot record as above (Line A, FFID 90) with AGC and
muting applied. Note how AGC has improved the scaling of the
traces, especially deeper events.
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3.2.5 Elevation Statics
Statics are performed in order to compensate for the difference in elevation of the
sources and receivers. This is controlled by surface topography. Each trace is shifted to a
user specified datum (the lowest receiver elevation in this study) by the use of some
replacement velocity. This velocity represents the average velocity of the near surface
materials, which was assumed to be 9500 ft/sec in this study, as determined by previous
processing. The difference in elevation between the receiver and the datum, along with
the replacement velocity, are used to solve for a shift in time that must be applied to the
appropriate traces.
3.2.6 F-K Analysis/Filtering
F-K Analysis involves transforming the shot gathers with dimensions of space
and time (X-T domain) in to the frequency-wavenumber (F-K) domain. Here, coherent
forms of noise including ground-roll, multiple reflections, and refractions may separate
from the signal and plot in a different portion of F-K space. The AK Steel lines had a
considerable amount of noise that made F-K space appear cluttered. However, it was
possible to pick an appropriate portion to filter. To apply an F-K filter, a polygon must be
constructed during F-K analysis that encompasses the portion of data that to be accepted
or removed. For the AK Steel lines, an accept polygon was chosen around the signal. The
F-K filter processor transforms the data into F-K domain, removes the unwanted portion,
then performs the inverse transform back to the T-X domain.
In some lines, several negative velocity features were present (see Figure 10).
Events have positive velocity if they increase in travel time with increased distance from
the source. If the opposite occurs, events are reaching farther offsets before near offsets.

21

It is impossible for these events to be generated by the source. Therefore, they must have
been created by some external source. This noise is most apparent in Line B. The shots
for Line B increase to the west, approaching the corner of the steel plant. It is possible
that these forms of noise were the result of external seismic energy generated by plant
operations because they are seen only at the higher number shot files. Figure 1 shows the
locations of railroads that appear to transport materials to and from several locations
within the property. This is also another possibility for the source of this noise. Negative
velocity noise is difficult to remove in F-K space for split spread gathers. In this case, the
negative velocity features simply plot on the other side of the F-K domain, where half of
the real signal occupies. To be able to isolate negative velocity in this space, the shot
gathers were sorted into halves. A polygon for each half of the shot file was created that
accepted the signal in F-K space and rejected negative velocity events. The appropriate
polygons were chosen to filter both halves of each shot gather, and then they were reappended with these negative velocity forms of noise removed. Figure 11 shows one half
shot gather in T-X and F-K domain during F-K Analysis and Figure 12 shows the filtered
output.

22

Figure 10: Negative velocity noise from an external source from Line B, FFID 98. Similar
forms of noise can be observed from the higher shot points on this line, approaching the
vicinity of the AK Steel plant.
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Figure 11: Positive offset shot gather – Line B, FFID 90 showing T-X domain (left) and F-K
domain (right). An accept polygon has been chosen in F-K space that represents the signal
portion of the data. The negative velocity features plot in the negative wavenumber
portion of the F-K domain for this half of the shot gather.
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Figure 12: Shot gather showing successful removal of the negative velocity features (left). F-K
output after removal of the excluded portion of F-K space.
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3.2.7 Deconvolution
The goal of deconvolution is to remediate the effects of the earth filtering the
incident signal as it passes through each successive change in acoustical impedance.
Predictive deconvolution was used to forecast the earth’s response to the signal, which is
the process of convolution. Deconvolution involves applying the appropriately modeled
earth filter to deconvolve the signal. This processor can attenuate multiples and improve
the temporal resolution of the image. For the AK Steel seismic lines, this process did not
improve the images very much. Most multiples were attenuated during F-K filtering.
3.2.8 CMP Sort
Traces that share the same common mid-point (CMP) are now sorted from
common shot gathers into CMP gathers (see Figure 13 for description of these gathers).
When inputting geometry, the mid-points between the sources and receivers are
calculated. Traces that share the same (or similar) point in the subsurface are binned
according to their common mid-point coordinates. This is advantageous during
processing because every trace in a CMP gather represents the response from the same
point in the subsurface. Each CMP gather will create a single trace in a stacked image.

Figure 13: Depiction of common shot gathers (left) and common mid-point gathers (right).

26

3.2.9 Constant Velocity Stacks
There are several available processors for velocity analysis. Constant velocity
stacks were chosen because of the considerable amount of noise in each line. This
process involves stacking all of the traces in each CMP gather at a single velocity
throughout the entire record length. A velocity range and interval of increase can be
chosen to cycle through the stacks, each created with a single constant velocity. Different
zones appear more coherent as they respond to their appropriate velocities. This allows
time-velocity pairs to be chosen to use to correct for normal moveout. Figures 14, 15, and
16 show three constant velocity stacks, each with their own velocity value.

Figure 14: Constant velocity stack at 13,500 ft/s. Upper reflectors respond well to this
velocity.
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Figure 15: Constant velocity stack at 15,500 ft/s. Mid-stack reflections respond well to
this velocity.

Figure 16: Constant velocity stack at 17,000 ft/s. Lower reflectors respond well to this
velocity

28

3.2.10 NMO Correction
Normal moveout (NMO) involves an exponential increase in traveltime resulting
in reflections that appear as hyperbolae. This is a function of source and receiver offset.
As offset from the source increases, ray paths to a single reflector have to travel through
much more material than the shorter offsets and appear later in the record. The shape of a
hyperbola is dependent upon its root-mean-square (RMS) velocity. These velocities were
chosen during constant velocity stacking. NMO correction flattens these reflection events
in a CMP gather. If the events line up properly, they will produce a better stacked trace in
the final image. Time-velocity pairs chosen during velocity analysis (constant velocity
stacks) are listed on Table 1.

LINE A

LINE B

LINE C

LINE D

T (ms)

Vrms (ft/s)

T (ms)

Vrms (ft/s)

T (ms)

Vrms (ft/s)

T (ms)

Vrms
(ft/s)

150

12500

180

11250

100

13000

100

13500

200

13750

200

13250

200

13000

200

13500

250

11750

250

11500

250

11750

250

11750

315

16000

300

16250

300

16000

325

16250

350

15750

330

16000

400

15705

350

16000

500

16500

400

16000

600

14750

400

16500

600

16750

500

15750

800

15500

500

16500

900

17000

600

16000

900

16500

700

15750

1500

18000

800

16500

1500

18000

800

16500

1000

17000

900

17000

1500

18000

1500

18500

Table 1: Time and root-mean-square velocity pairs chosen during velocity analysis with
constant velocity stacks. These were the final velocities after three iterations of residual
statics.
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3.2.11 Residual Statics
Residual statics compensate for errors introduced in the application of elevation
statics corrections. Elevation statics depend upon the replacement velocity chosen for the
near surface materials and the depth of the basal weathering/glacial till layer. Both
parameters can vary in an irregular fashion along the seismic lines, resulting in inaccurate
statics solutions. This can reduce coherency in adjacent traces in a stacked image that
resulted from traces within any CMP gather that did not line up properly. Residual statics
operates by selecting a horizon with a certain time window. These horizon picks for
every stacked trace are used to generate a pilot trace for every CMP gather. These pilot
traces are correlated with every respective trace in their CMP gather and converge at
some error criterion specified by the user. This allows traces to be properly lined up
during stacking, which also allows better velocities to be chosen. Three iterations of
residual statics were performed in order to pick the final RMS velocities for each line and
increase the coherency of several zones. As mentioned before, this processing was
conducted with an emphasis placed on the deep reflectors. Figures 17 and 18 show two
Autostatics horizons chosen to best increase the coherency of the upper reflectors and
lower reflectors, respectively. The upper reflector has been identified as a high
impedance material within the Eau Claire Formation. The lower reflector has not been
penetrated by the drill hole, but is believed to be crystalline rocks of the Granite-Rhyolite
Province due to the high impedance contrast with the Middle Run Formation sediments,
that already have a relatively high velocity.
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Figure 17: Residual statics horizon 1. A continuous, high impedance reflector
within the Eau Claire Formation.

Figure 18: Residual statics horizon 2. This continuous, high impedance
reflector is possibly the boundary between the Middle Run Formation and
the Granite Rhyolite Province.
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3.2.12 Stack
Stacking simply involves summing all of the traces in a CMP gather. NMO
correction must first be applied in order to flatten hyperbolic events at each time. After
this process, each CMP gather will produce a single stacked trace in the section that
represents a reflection from a single point (or small area). These traces are lined
sequentially and allow for interpretation of the change of acoustical properties in the
subsurface. For each line, a final stack (Figure 19) was produced after three iterations of
residual statics.

Figure 19: Final stack of Line A produced after three iterations of residual statics. Trace fold is
plotted above the section.
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3.2.13 Post-stack Migration
The process of migration entails the repositioning of seismic energy to its proper
location in the subsurface. This must be performed because we assume that the reflected
energy is coming from directly between the source and receiver. This is only true in the
case of perfectly horizontal layering and may come from any spatial position in the
subsurface. Discontinuities and other abnormalities may cause diffractions, which will be
collapsed to a single point after migration. The migration processor used for each of the
AK Steel lines is called Kirchhoff Migration. This involves a mathematical procedure,
diffraction summation, which offers a solution to the wave equation in the form of the
Kirchhoff integral (Gazdag and Sguazzero, 1984). The Velocities from Table 1 were used
in this processor to apply the appropriate migration throughout the time section. After
migration, dipping reflectors appear to be steeper. The entire section under the
Phanerozoic sedimentary cover has some gentle dip that now displays its true behavior.
The east-west trending lines show these reflectors apparently dipping to the west and the
north-south lines seem to have an even gentler southern component of dip. Figures 20,
21, 22, and 23 are final migrated stacks in the time domain. They are all printed to the
same scale (82 CDPs per inch, and 450 milliseconds per inch).
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Figure 20: Final stacked and migrated Line A in time domain.
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Figure 21: Final stacked and migrated Line B in time domain.
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Figure 22: Final stacked and migrated Line C in time domain.
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Figure 23: Final stacked and migrated Line D in time domain.
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3.2.14 Identification of Multiple Reflections
The zone with weak, discontinuous reflections has been identified as the Middle
Run Formation (process of identification explained in section 3.3.2). This zone has
several strong and continuous horizontal reflectors within them that are probably multiple
reflections. They are most prominent in the low fold areas and lie around 550 ms to 800
ms in each line. These events have been identified as multiple reflections in the
semblance spectrum (Figure 24). They appear to occur at about twice the time of the
high-impedance primary reflection within the Eau Claire Formation, so they may simply
be the result of a double-path multiple. Semblance analysis involves plotting the energy
from a CDP gather in time and velocity space. The semblance parameter is contoured and
colored, and represents the proportion of the data at a given time that responds well to a
certain velocity. This analysis was not used to pick the RMS velocities because there is a
high level of ambient noise within each CDP gather. Ambient noise can result in
semblance parameters that are spread out over a wide range in velocity and could yield
misrepresented lateral changes in the velocity field. CDP 856 of Line A was used in this
example to identify multiples. The points plotted in this spectrum represent velocity picks
from constant velocity stacks and match the RMS velocities from Table 1. The red ellipse
outlines the high semblance parameters calculated from the multiple reflections within
the Middle Run Formation.
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Figure 24: Semblance plot of CDP 856 from Line A showing multiple reflections that appear
within the Middle Run Formation (outlined in red). The picks chosen resemble the timevelocity pairs found during constant velocity stacks.
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3.2.15 Time to Depth Conversion
The stacked sections in time domain were converted to the depth domain by the
use of the velocities determined during velocity analysis. These RMS velocities were
converted to interval velocities by the use of the Dix Equation (see below) in the velocity
manipulation processor.
Dix Equation: Vint = √

𝑉𝑛 2 𝑡𝑛 − 𝑉𝑛 2 𝑡𝑛−1
𝑡𝑛 − 𝑡𝑛−1

Where Vint is the interval velocity bounded by the (n-1)st interface above and the nth
interface below, tn and tn-1 are the two-way travel times at zero offset, and Vn and Vn-1 are
the corresponding RMS velocities of these interfaces (Yilmaz, 1984).
After converting the RMS velocities to interval velocities, the Time/Depth
Conversion processor was used. This produced a depth section that can be interpreted
similar to a cross section, only involving changes of the acoustical properties of the
subsurface with depth. Figures 25, 26, 27, and 28 are the completed depth sections. Note
that after conversion, lower velocity zones will be more stretched while higher velocity
zones will appear compressed.
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Figure 25: Final stacked and migrated Line A in depth domain.
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Figure 26: Final stacked and migrated Line B in depth domain.
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Figure 27: Final stacked and migrated Line C in depth domain.
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Figure 28: Final stacked and migrated Line D in depth domain.
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3.3.0 Well Log Utilization
3.3.1 Digitizing Well Logs
Geophysical well logs were obtained from ODNR, Division of Geological Survey
and were used to perform well log correlation. The most useful of the wells was AK Steel
#1 (3401720004) because it had the most complete suite of geophysical logs (including
sonic, density, and gamma ray); and it had the largest total depth of 3296 feet, which was
deep enough to penetrate the uppermost portion of the Middle Run Formation. In order to
perform well log correlation with the seismic data, the .tiff images were loaded into
NeuraLog. Header information was input including the type of log, datum, coordinates,
units, and grid conditions. The grids had to be corrected for spatial distortions because the
images were made by scanning very long paper well records. Then the well curve was
traced and stored as a .las file.
3.3.2 Well Log Correlation
The .las files for each well were imported into Hampson-Russell Suite 9 to
perform well log correlation. A text file of the formation tops was also uploaded to
understand the changes of physical properties at each formation interface. A list of
updated formation tops was supplied by Ron Riley at ODNR. This involves using the
density and sonic logs to create a computed impedance log. This was performed by
simply multiplying the density and sonic logs to calculate acoustical impedance at each
depth. The reflection coefficients with depth were then calculated from this. Figure 29
shows each of these logs as well as the corresponding formation tops.
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Figure 29: Hampson-Russell Suite 9 imported sonic and density logs and formation tops,
with calculated impedance and computed reflectivity.
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A statistical wavelet was calculated that represents the average wavelet through a
specified time window. This wavelet excluded the low fold CDPs and was specified in a
time window of 126-450 milliseconds. This window was chosen to reject the portion of
the seismic line that had been muted and include the portion for which there were
recorded geophysical well logs. This wavelet (Figure 30) was then convolved with the
computed reflectivity to create a synthetic trace. This trace is the acoustical
representation of the formation changes and will allow the seismic lines to be tied to the
well record and formation tops to be identified.

Figure 30: Statistical wavelet extracted from Line A. Low fold CDPs were excluded and a time
window of 126-450 ms was chosen.
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Formation tops were chosen on the seismic records by comparing a group of
synthetic traces with an average group of traces calculated from the seismic data. There
were distinct patterns in formations that made them easy to identify. The most useful
formation was the strong, continuous reflector within the Eau Claire Formation (probably
a dolostone layer). This is overlain by a very strong negative reflector that marks the top
of the Conasauga Formation. The Knox Dolomite and the Mt. Simon and Middle Run
Formations could be picked afterwards. While picking, a track appears with the
correction velocity, correction drift, and the correction time (Figure 31). The correction
velocity tracks shows the sonic log values in orange and the velocity according to the
picks in blue. They seem to correlate very well, with the minor exception of the interval
within the Eau Claire Formation. The correction drift track makes this distinction where
there is a small variance between the two velocities. The corrected time shows the picks
are shifted consistently by about 30 milliseconds. Figures 32 and 33 show the cross
correlation plots before and after application of the 30 millisecond time shift. This time
shift probably resulted from undefined velocities above the first pick from velocity
analysis. The near surface velocities are expected to be lower than the first value chosen,
which would result in the travel time in the stack appearing delayed.
The same processes of well log correlation were repeated for all of the seismic
lines. Formation tops were chosen, allowing further interpretation of the data. Four
horizons have been chosen on the interpreted reflection profiles (located in the appendix
section): The Knox Dolomite (blue), Conasauga Formation (green), Mt Simon Sandstone
(yellow), Middle Run Formation (orange), and the interface that marks the base of the
Middle Run Formation (purple).
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Figure 31: An example of the well log correlation procedure using Line A. The synthetic trace
(blue) was used to pick formation tops on a group of averaged traces from the seismic data
(red). In the correction velocity track, the velocity from the sonic log (orange) was compared
with the calculated velocity from the picks chosen (blue). Drift was plotted, showing minor
variance within the Eau Claire Formation. The corrected time shows a consistent lag of 30
milliseconds. This shift was then applied to the seismic data. This similar procedure was
followed for the other seismic lines.

49

Figure 32: Cross correlation window before the time shift of 30 milliseconds.

Figure 33: Cross correlation window after the 30 millisecond time shift.
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3.4.0 Potential Field Maps
ArcMap 10.1 was used to plot the locations of the AK Steel seismic lines and the
ODNR-1-88 seismic line on the potential field anomaly maps. The aeromagnetic map has
a contour interval of 500 nT and was modified from Harlan et al. (1979). The Bouguer
Gravity Map has a 2 mgal contour interval and was modified from Hildenbrand and
Kucks (1984). These maps were created by uploading .pdf files of each map and
georeferencing the images to true coordinate locations. For the aeromagnetic map (Figure
34), cross-lines representing degree increments were already included. This allowed for
easy georeferencing. The gravity map (Figure 35) did not include such features, so
georeferencing was conducted on county line intersections.
The coordinates for the AK Steel lines had to be exported from the geometry
spreadsheet in ProMAX ®. These coordinates were recorded in the NAD 27 Ohio South
state plane coordinate system. They were converted to decimal degrees in the NAD 83
projection by the use of Corpscon6.
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Figure 34: Aeromagnetic map (500 nT contour interval) of southwestern Ohio with seismic lines used
during this study. Modified from Harlan et al. (1979).

3.4.1 Aeromagnetic Map
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Figure 35: Bouguer gravity map (2 mgal contour interval) of southern Ohio with seismic lines used during this
study. Modified from Hildenbrand and Kucks (1984).

3.4.2 Bouguer Gravity Map
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4.0 DISCUSSION
4.1 Interpretation of Seismic Lines
Reprocessing of the AK Steel Lines reveals better coherency within the deeper
portion of these sections. This was largely due to focusing residual statics on the deeper
horizons. Reprocessing shows that the Middle Run basin at the study area is relatively
deep. The Middle Run Formation is distinguishable on the seismic sections by its weak
and discontinuous seismic character similar to the character revealed by seismic line
ODNR-1-88. This is likely due to its homogeneity and low internal contrasts of acoustical
impedance. At the study area, the Middle Run basin is about 3700 feet thick to the west
and about 2,200 feet thick to the east. From the ODNR-1-88 line, Shrake (1991)
estimated that the Middle Run Formation is about 3,607 feet (1100 m) thick at the well
bore location. In this seismic line (Figure 3) it is apparent that the Middle Run Formation
becomes absent to the west due to deformation and subsequent erosion. The minimum
thickness observed in the AK Steel lines occurs on their eastern margins and is still
relatively thick. This infers the presence of a structural feature controlling the thicknesses
of these formations. The Precambrian units under the Mount Simon Sandstone dip very
gently to the west in the AK Steel lines. These units dip much steeper in ODNR-1-88 and
have an eastward trend. Both of these pieces of evidence may indicate the presence of a
fault between these two study areas. Figure 36 shows a scaled diagram (in both time and
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length) of seismic lines AK Steel D and ODNR-1-88. The longitudinal offset of 6.25
miles separates these two lines, while the latitudinal offset of 5 miles is neglected.
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Figure 36: Scaled seismic lines AK Steel D and ODNR-1-88. Line drawing shows interpreted lithologic boundaries and structural
features. The uninterpreted seismic line ODNR-1-88 has been modified from Drahovzal (1997). The approximate vertical
displacement of the fault is calculated to be around 2,600 feet (792 meters).

Figure 36 is accompanied by a line drawing showing an interpretation of the
seismic lines and the interpolated structure between them. If a fault is causing
displacement of these Precambrian rocks, its sense of movement can only be verified
with more seismic data. However, by interpretation of other structural features within the
pre-Middle Run (blue), it is suggested that these rocks were deformed in a compressional
regime. There appears to be a thrust fault in the pre-Middle Run of ODNR-1-88. Shrake
(1991) and Drahovzal (1997) have also interpreted this feature. This deformation is made
apparent by the displacement of the continuous, high-amplitude reflector packages below
the Middle Run (orange). Projecting the dip of these contacts between Line D and
ODNR-1-88 suggests that a thrust fault is present that may be related to a series of
imbricated thrust sheets emanating away from the Grenville Front. The possible vertical
displacement of 2,600 feet (792 meters) was calculated. Of course, this number can be
greatly influenced by location of the possible fault and the amount of folding toward the
fault face. These deformed rocks are truncated by the Mount Simon Unconformity and
followed by later deposition of the Phanerozoic sedimentary cover (green). The tectonic
setting, timing of events, and provenance of the Middle Run will be discussed further in
the following sections.
There is other evidence that suggests the Middle Run Formation is deformed by
the Grenville Front compressional event. Richards and Wolfe (1997) interpreted the
structure between ODNR-1-88 and a Wright State University seismic line acquired in
1990. This seismic line is located in northern Warren and Clinton Counties. They find
that the eastern continuation of the basin containing the Middle Run Formation in
ODNR-1-88 was deformed by Grenvillian compression, creating a possible synclinal
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feature within the approximate 4 miles (6.4 kilometers) that separates these two lines. A
line drawing of this interpretation is shown in Figure 37. The interpretation by Richards
and Wolfe (1997) has been incorporated into Figure 38, which shows the interpreted
structural features occurring between the seismic lines AK Steel Line D, ODNR-1-88,
and WSU 1990. Each of these features support that deformation occurred in a
compressional regime.
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Figure 37: Interpreted structure between ODNR-1-88 (labeled Consortium) and the Wright
State 1990 seismic line to the east. After Wolfe et al. (1993)
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Figure 38: Scaled seismic lines AK Steel D, ODNR-1-88, and WSU 1990. Line drawing shows interpreted lithologic boundaries and
structural features. The uninterpreted seismic line ODNR-1-88 has been modified from Drahovzal (1997) and WSU 1990 has been
modified from Richards and Wolfe (1997). County map with line locations was modified from Baranoski (2002).

With no interference in the potential field from deeper crustal features, anomalies
could be an indication of the displacement of the felsic rocks of the Granite-Rhyolite
Province. The anomalies within the aeromagnetic map (Figure 34) do not show much
correlation with these subsurface features. Even in the ODNR-1-88 line, it would be
expected to see a more positive magnetic anomaly on the western portion of the line
because crystalline rocks are being displaced closer to the surface. Other notable
anomalies include the steep gradients to the east and west of the study area. The eastern
anomalies mark the highly deformed and metamorphosed rocks of the Grenville Front
Tectonic Zone, while the western gradient may reveal an intrusive feature or the
discontinuation of the local Middle Run Formation to the west. The magnetic properties
of the subsurface may be dominated by deep intrusive features within the GraniteRhyolite Province, making it difficult to attribute anomalies to basin thickness and
displacement of the pre-Middle Run rocks. It has been noted that, in some locations,
these felsic rocks have been intruded by mafic sills (Pratt et al., 1992), and the occasional
diabasic intrusions (Bickford et al., 2015). The signature of these features would generate
stronger anomalies compared to felsic or sedimentary rocks. If more sensitive surveys
were conducted in this area at a finer scale, such features may be able to be differentiated.
There appears to be a deflection between the AK Steel lines and the ODNR-1-88
line on the Bouguer gravity map (Figure 35). The study area seems to be completely
overshadowed by large, positive anomalies to the east and the west. The eastern anomaly
is due to the presence of the aforementioned Grenville Front Tectonic Zone. The western
anomaly is a very prominent, large-scale feature that creates a disturbance in both the
gravitational and magnetic field. It has been proposed that this feature may be related to a
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deep caldera complex (Stark, 1997; Harbi, 2005), or large mafic pluton (Lucius and von
Frese, 1988; von Frese et al., 1997). Similar potential field anomalies can be observed
within the Granite-Rhyolite Province and can be related to such intrusion. This includes a
possible caldera complex within the Proterozoic rocks in the Illinois basin (Mcbride et
al., 2003).
AK Steel line A is oriented north-south and spans about 5.5 miles. This line
shows that the Precambrian units under the Phanerozoic sedimentary cover have a very
small southern component of dip. Therefore, these units are expected to gently dip
approximately in the west-southwest direction. The thickness of the Middle Run
Formation does not change very much and is consistent with that of Line D. An
unexpected feature was imaged in within the pre-Middle Run between 1,500-1,950 ms
(~13,500-18,000 feet). This feature appears to dip steeply to the south and is not visible
within the other lines. This feature is not apparent within the parallel Line C, which may
be due to its considerable amount of ambient noise probably from the heavy traffic of I75. However, the somewhat coherent package of reflectors above this south dipping
feature was successfully imaged and can be traced in all four lines down to the single
reflector that directly overlies this feature. It is possible that this feature is the result of a
series of dikes and sills that step into the overlying units. This feature itself does not
appear to produce a potential field anomaly, but it is possible that it was associated with
similar volcanic activity that created the caldera complex or intrusive body to the west.
Another notable characteristic of this line is that there appears to be horizontal reflections
on both sides of this south dipping feature (although their coherency diminishes to the
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north). This supports the interpretation of a series of intrusions; that is, if these reflections
are not multiples.
Line B is oriented east-west and lies south of Line D and measures approximately
4.7 miles. The behavior of the Precambrian units in this line is very similar to that of Line
D, as they all have a gentle apparent dip to the west. The thickness of the Middle Run
Formation agrees with Line D as well. The quality of this image is relatively good
considering the negative velocity noise that crept through its shot gathers. It appears that
it was successfully removed during F-K filtering.
Line C is oriented north-south and is the shortest of the lines at 3.6 miles. This
line was of significantly lower quality than the other lines probably due to the high
amount of ambient noise from traffic along I-75. This was most apparent between CDPs
450 and 550, where a large portion of the deeper reflections were lost. Another problem
with this data is that multiples were not fully removed and many appear to cut across the
Middle Run Formation. Despite the high levels of noise, this line can still be used to
determine the thickness of the Middle Run Formation, which agrees with the other lines
in the study area.
4.2 Age of the Middle Run Formation
The red lithic arenite in the study area is believed to be deposited during the same
time as the Middle Run Formation at its type section locality in Warren County, DGS
2627. The age of the Middle Run has been somewhat controversial due to complicated
tectonic history during the Precambrian and the spatial variability of deformation within
pre-Mount Simon Rocks. Isotopic studies by Santos et al. (2002) have determined the
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maximum possible age by the use of detrital zircon geochronology. Here, samples of the
Middle Run Formation were taken from the core DGS 2627. A SHRIMP (sensitive high
resolution ion microprobe) was used to determine the age of detrital zircons from several
beds within the core. The maximum age of the Middle Run Formation was determined by
the date of the youngest zircon sample. This was found to be 1048 ± 22 Ma (Santos et al.,
2002). A possible minimum age of the Middle Run Formation is suggested by fission
track dating from samples at the same location. The minimum age determined by this
method was approximately 700 Ma (Roden-Tice and Shrake, 1998). However, it is
possible that a heating event reset its age (Santos et al., 2002).
A more recent study of samples of the Middle Run Formation from DGS 2627
showed that microfossils are present (Richardson, 2015). This is significant because they
have been reported to be similar in morphology to the other organic-walled microfossils
(Leiosphaeridia) found in Proterozoic rocks. Proterozoic occurrences of these similar
organic-walled microfossils are known from the Neryuen and Ignikan formations (1.03 to
0.85 Ga) of the Uchur-Maya Region, Siberia and from the Inzer Formation (0.85-0.63
Ga) of the southern Ural Mountains (Sergeev, 2009; Richardson, 2015). The ages of these
similar fossil assemblages agree well with the age range of 1048 to 700 Ma determined
by Santos et al. (2002) and Roden-Tice and Shrake (1998).
4.3 Provenance of the Middle Run Formation
Sedimentary structures within the Middle Run Formation were described by
Shrake (1991) from the core of DGS 2627. These structures include horizontal
laminations, ripple laminations, cross-bedding, and episodes of deposition in massive

64

intervals (Shrake, 1991). These sedimentary features and well sorted framework suggest
a fluvial depositional environment and the general uniformity and thickness of this
formation may indicate deposition in a longitudinal stream rather than alluvial fans
(Shrake, 1991). Shrake (1991) also used a method to determine sedimentary provenance
that involves partitioning a petrographic triangle diagram into several possible source
types (Dickinson, 1984). Figure 39 shows samples from the Middle Run Formation
plotted on this diagram that suggests that it was derived from a recycled orogen with
some affinities to a dissected or transitional arc (Shrake, 1991).

Figure 39: Petrographic triangle diagram with samples of the Middle Run Formation
plotted in terms of their quartz, feldspar, and lithics content. This diagram is also
partitioned into different sections that represent sedimentary provenance (Dickinson,
1984). Figure from Shrake (1991)
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Santos et al. (2002) notes that the majority of the Middle Run Formation appears
to have been derived from rocks of the Grenville orogen. They found that about 80-90%
of the detrital zircons in the sampled portion of the Middle Run Formation were probably
formed within the Laurentian margin and the Frontenac-Adirondack Belt. Figure 40
shows the primary source directions of the Middle Run Formation sediments coming
from Grenvillian rocks while only minor sources are derived from the Granite-Rhyolite
Province to the west.

Figure 40: Source directions of the Middle Run Formation sediments. Primary sources
occur from Grenvillian rocks while minor sources come from the Granite-Rhyolite
Province to the west. After (Santos et al., 2002).
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Similar late Mesoproterozoic early Neoproterozoic lithic arenites occur in the
Torridon Group (Applecross Formation (1.10 Ga)) of Scotland (Rainbird et al. 2001).
Another example is the Palmeiral Formation (1.03 Ga), which lies in the southwest
Amazon Craton of South America (Santos et al., 2001). These are both examples of
Grenvillian-derived foreland sequences (Santos et al., 2001). Hauser (1993,1996)
suggests that the Middle Run Formation in southwestern Ohio was deposited in a
foreland basin after Grenvillian uplift. The age, thickness, and proximity to the Grenville
Front support the interpretation of deposition in a foreland basin.
4.4 Tectonic Setting
The tectonic setting in the Proterozoic has been a complicated subject due to a
series of deformational events occurring within that eon. Rivers (2008) distinguished the
Grenville orogeny from the earlier mid to late Mesoproterozoic Elzevirian and
Shawinigan orogeny events by suggesting they each had their own unique episodes of
collision. The Elzevirian orogeny (1,245-1,225 Ma) and the Shawinigan orogeny (1,1901,140 Ma) resulted from the accretion of terranes in the southwestern Grenville Province
(Rivers, 2008). The Grenville orogeny was associated with the continental collision of
Laurentia, possibly with Amazonia. However, this orogeny was a diachronous event that
can be separated into multiple phases, the Ottawan phase (1,090-1,020 Ma) and the
Rigolet phase (1,000-980 Ma). The Ottawan phase is restricted to the orogenic core and
the Rigolet phase occurred later in the northwestern margin of this province (Rivers,
2008).
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It has been proposed that the Middle Run Formation at the study area has been
deposited in an episode of rifting and has been titled the East Continent Rift (Drahovzal
et al, 1992; Dickas et al., 1992; Drahovzal, 1997; Stark, 1997; Baranoski et al., 2009).
This scenario is based on the lithologic similarities between the Middle Run Formation
and other red lithic arenites found in the Great Lakes region. The Jacobsville Sandstone
(Shrake, 1991) and the rocks of the Oronto Group (Dickas et al., 1992) are described as
being remarkably similar to the Middle Run sediments. These units are related to rift
basins associated with the Midcontinent Rift System (Keweenawan) and have led to the
interpretation of the Middle Run Formation in southwestern Ohio as being of similar
origins. The stratigraphic position of this formation and structural features support this
interpretation as well. The red lithic arenite in central Kentucky appears to be highly
deformed by thrusting. The complex structure of this area makes it difficult to interpret
and has been suggested to be deformed by the Grenville orogeny after deposition in a
Keweenawan aged East Continent Rift (Drahovzal et al., 1992; Drahovzal, 1997).
Bouguer Gravity anomalies have also been used in the interpretation of this system. The
gravity signature of the Midcontinent Rift System can be characterized by a central high
with flanking minima (Dickas et al., 1992). However, the gravity anomalies in
southwestern Ohio have a more ambiguous signature. It is a possibility that these features
are controlled by deep intrusive bodies that create a high density contrast with the
surrounding rocks. The major events of Keweenawan rift development and magmatism
are thought to have occurred between 1,109-1,094 Ma (Davis and Paces, 1990). This is
older than maximum age of the Middle Run Formation at the study area (1048 ± 22 Ma)
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determined by Santos et al. (2002), especially when factoring in the time it would take for
the sediments to be derived from their source and deposited.
The Ottawan phase (1,090-1,020 Ma) was probably responsible for uplifting the
main source of the Middle Run Formation sediments. This time span agrees well with the
detrital zircon dates from Santos (2002), the late Mesoproterozoic, early Neoproterozoic
localities that experience similar Grenville-derived lithic arenites (Rainbird et al., 2001;
Santos et al., 2002), and formations that contain similar organic walled microfossils
(Richardson, 2015). The northwest margin was undergoing uplift (Rigolet phase) during
the time of Middle Run deposition and could also be responsible for a portion of these
sediments.
The Middle Run basin and the pre-Middle Run units were deformed by tectonic
forces after the events of the Ottawan phase of the Grenville orogeny. This was probably
due to the Grenville Front compressional event, where thrust sheets rapidly propagated
westward during a narrow time span. Uranium-lead dating by Krogh (1994) shows that
compression of the Grenville Front occurred between 995-980 Ma. This compressional
event may have been responsible for the deformation of the Middle Run Formation and
Pre-Middle Run rocks, causing the formation of a syncline to the east of ODNR-1-88
(Figure 37) and a possible thrust fault between this line and AK Steel Line D (Figure 36).
The age ranges for the tectonic events and possible deposition range for the Middle Run
Formation are organized together in Figure 41.
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Figure 41: Time line showing deformational events. Grenvillian deformation events
are denoted by blue. The Rigolet phase of the Grenville orogeny has been excluded
because it took place far from the study area. A possible range for the Middle Run
Formation deposition is defined with no definitive upper limit. The major episode of
Keweenawan rifting and magmatism is also listed.
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5.0 SUMMARY AND CONCLUSIONS
The AK Steel seismic reflection lines were reprocessed to enhance Pre-Mt. Simon
reflectors. A new residual statics solution was the main source of improvement and
yielded better coherency deeper in the section. This allowed interpretation of the
Precambrian units below the Mount Simon Sandstone. The thickness of the Middle Run
Formation in the study area is about (2,200-3,700 feet) and the gently west southwest
dipping trend contrasts with the seismic line ODNR-1-88 to the east. Here, the reflectors
are dipping more steeply to the east and the Middle Run Formation becomes absent due
to its angularity and erosion. This suggests that a structural feature is controlling the
behavior of this formation and the thicknesses preserved under the Mt. Simon
unconformity. A thrust fault has been proposed (Figure 36) due to the compressional
features observed in ODNR-1-88 and the interpreted syncline to the east (Figure 37). An
approximate vertical displacement for this fault has been calculated to be around 2,600
feet (792 meters).
The Middle Run Formation sediments are thought to be as old as 1,048 Ma
(Santos et al., 2002) and derived from the Ottawan phase (1,090-1,020 Ma (Rivers,
2008)) of the Grenville orogeny. The thickness, sedimentary provenance, age,
sedimentologic similarities with other Late Mesoproterozoic, Early Neoproterozoic lithic
arenites, similarity in organic walled microfossil assemblages, and proximity to the
Grenville Front reinforces the interpretation that the Middle Run Formation was
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deposited in a Grenville foreland basin, as discussed by Hauser (1993, 1996). These
sediments were later deformed by the Grenville Front compressional event (995-980 Ma
(Krogh, 994)), possibly creating a thrust fault between the study area and eastern Warren
County. Future seismic data should be acquired between the study area and eastern
Warren County to confirm or deny the presence of such a feature.
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APPENDIX

INTERPRETATION OF SEISMIC LINES
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Figure 42: Interpreted Line A in time domain showing its approximate orientation, the tie-in points of other lines, and formation tops. Blue = Knox
Dolomite, Green = Conasauga Shale, Yellow = Mt. Simon Sandstone, Orange = Middle Run Formation, Purple = Pre-Middle Run (possibly igneous
rocks of the Granite-Rhyolite Province, Red = The approximate top of the South Dipping Feature (possibly a series of igneous intrusions).
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Figure 43: Interpreted Line B in time domain showing its approximate orientation, the tie-in points of other lines, and
formation tops. Blue = Knox Dolomite, Green = Conasauga Shale, Yellow = Mt. Simon Sandstone, Orange = Middle Run
Formation, Purple = Pre-Middle Run (possibly igneous rocks of the Granite-Rhyolite Province.

80

Figure 44: Interpreted Line C in time domain showing its approximate orientation, the tie-in points of other lines, and
formation tops. Blue = Knox Dolomite, Green = Conasauga Shale, Yellow = Mt. Simon Sandstone, Orange = Middle Run
Formation, Purple = Pre-Middle Run (possibly igneous rocks of the Granite-Rhyolite Province.
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Figure 45: Interpreted Line D in time domain showing its approximate orientation, the tie-in points of other lines, and
formation tops. Blue = Knox Dolomite, Green = Conasauga Shale, Yellow = Mt. Simon Sandstone, Orange = Middle Run
Formation, Purple = Pre-Middle Run (possibly igneous rocks of the Granite-Rhyolite Province.
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Figure 46: Interpreted Line A in depth domain showing its approximate orientation, the tie-in points of other lines, and formation tops. Blue =
Knox Dolomite, Green = Conasauga Shale, Yellow = Mt. Simon Sandstone, Orange = Middle Run Formation, Purple = Pre-Middle Run (possibly
igneous rocks of the Granite-Rhyolite Province, Red = The approximate top of the South Dipping Feature (probably a series of igneous
intrusions).
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Figure 47: Interpreted Line B in depth domain showing its approximate orientation, the tie-in points of other lines, and
formation tops. Blue = Knox Dolomite, Green = Conasauga Shale, Yellow = Mt. Simon Sandstone, Orange = Middle Run
Formation, Purple = Pre-Middle Run (possibly igneous rocks of the Granite-Rhyolite Province.
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Figure 48: Interpreted Line C in depth domain showing its approximate orientation, the tie-in points of other lines, and
formation tops. Blue = Knox Dolomite, Green = Conasauga Shale, Yellow = Mt. Simon Sandstone, Orange = Middle Run
Formation, Purple = Pre-Middle Run (possibly igneous rocks of the Granite-Rhyolite Province.
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Figure 49: Interpreted Line D in depth domain showing its approximate orientation, the tie-in points of other lines, and
formation tops. Blue = Knox Dolomite, Green = Conasauga Shale, Yellow = Mt. Simon Sandstone, Orange = Middle Run
Formation, Purple = Pre-Middle Run (possibly igneous rocks of the Granite-Rhyolite Province.

